T Twelve human cancer cell lines and one nonmalignant cell line were investigated with respect to a potential antiproliferative/cytotoxic activity of molecular iodine and iodolactones. Except CCL221 colon carcinoma cells, the growth of ali cancer celllines decreased if the cells were cultured in the presence of 10 11M molecular iodine (12) for at least two days. ô-iodolactone (Il, 511M) was found to have a similar effect. SH-SY5Y neuroblastoma cells turned out to be most susceptible to both iodine compounds (total inhibition), followed by MCF-7 mammary carcinoma cells (60% and 77.7 %inhibition in the presence of 1 2 respect. lL) and HS24 lung carcinoma cells (36.3 % respect. 40.3 % inhibition). In contrast, MCF-lO normal mammary epithelial cells were much less affected by the iodine treatment. ln both, SH-SY5Y and MCF-7 cells, 12 and IL also abolished EGF-induced promotion of cell growth completely. This effect was, however, not due to an interfering with EGF-signaling, because 12 and IL did not affect the phosphorylation of EGFreceptors, EGF-induced activation of MAP-kinase (Erk1/2), ar EGF-induced lamellar actin protrusion. A disruption by molecular iodine of mitochondrial transmembrane electrical potential, which was prevented by a pre-treatment of the cells with N-acetyl-cysteine, supports a mitochondria-mediated apoptotic mechanism.
Introduction
T An increasing amount of data suggest that iodine therapy may diminish breast disease including breast cancer progression (for revs. Aceves et aI., 2005; Torremante, 2004) . Thus, clinical trials revealed that molecular iodine (12) has beneficial effects in the fibrocystic breast disease (Ghent et aI., 1993) and in cyclic mastalgia (Kessler, 2004) . In animal models, feeding of molecular iodine diet has been shown to prevent N-methyl-N-ni trosourea-and dimethyl-benz( a )anthraceneinduction of breast tumors (Funahashi et ) were not inhibited. lodolactones (lL), which are shown to be synthesized in thyroid tissue by iodination of arachidonic acid (Dugrillon et aI., 1994) and to be capable of inhibiting in vitro-proliferation of thyroid cells (Dugrillon et aI., 1990 (Dugrillon et aI., , 1994 Langer et aI., 2003) . Different mechanisms by which iodine compounds may influence breast physiology and cancer progression have been proposed, such as antiproliferative or apoptotic mechanisms unrelated to p53 but involving the peroxisome proliferators-activated receptor PPAR (Aceves et al., 2005) or an interaction with estrogen pathways. Evidence for the latter has been revealed by Stoddard et aI. (2008) demonstrating that treatment of MCF-7 cells with iodinejiodide increases mRNA levels of several genes involved in estrogen metabolismo Using the sarne cellline, Shrivastava et aI. (2006) provided evidences that 12 induces caspase-independent, mitochondriamediated apoptosis. Knowledge about a potential antiproliferative/ cytotoxic activity of iodine compounds on other human cancer types are lacking up to date. ln the presented paper, we tested 12 human cancer cell lines and one non-malignant cellline and found a very different degree of antiproliferative/cytotoxic activity of 12 and IL. Both iodine compounds turned out to completely abolish EGF-induced proliferation of MCF-7 mammary carcinoma and SH-SY5Y neuroblastoma cells, but seem not to interfere with EGF-signaling. A decrease in MCF-7 cells of mitochondrial transmembrane electrical potential in the presence of 12,which was prevented upon pre-treatment of the cells with N-acetyl-cysteine (NAC), supports a mitochondria-mediated apoptotic mechanism.
Materiais and Methods

T
Material
The following human celllines were used: SH-SY5Y (neuroblastoma), MCF-7, MDA-MB-134, MDA-MB-157, MDA-MB-436 (ali mammary carcinoma), MCF-10 (rnarnmary epithelial cells), HS24 (lung carcinoma), SNB19 (glioblastoma), U87M6 (glioblastoma), IPC298 (melanoma), Capanll (pancreas carcinoma), PATU8902 (pancreas carcinoma), and CCL221 (colon carcinoma). The mitochondrial marker DePsipher was obtained from Trevigen. Brij, DAPI, PMSF, leupeptin, aprotinin, Hoechst 33342, Nacetyl-cysteine (NAC), anti-phospho-MAP-kinase-lgG (erk1/2), anti-phospho-EGF-receptor-lgG, anti-mouse IgG-HRP, and antimouse-lgG-Cy3 were obtained from Calbiochem. Harn's F12 medi um, fetal calf serum (FCS), streptomycine, and penicillin were from Gibco. Molecular iodine (12) was from Merck and for each experiment freshly prepared as 50 mmolar ethanolic stock solution. 6-lodo-8, 11, 14-eicosatrienoic-ó-Iactone (IL)was from own stock and synthesized by lactoperoxidase-catalysed iodination of arachidonic acid (Dugrillon et aI., 1990 ) and stored frozen under N2. For use it was dissolved in ethanol (50 mM stock solution). In ali experiments untreated control groups received the corresponding arnounts ethanolic solvent. The EGF-receptorinhibitor Gefitinib was a gift of the Bosch Institut für Klinische Pharmakologie (lKP Stuttgart),
e-u culture
If not otherwise stated, the cells were seeded in low density and cultured in Ham's F12, completed with 10% FCS, 1 % penicillin/ streptomycine, IL (fin. cone. up to 5 iJM) or 12 (fin. cone. up to 40pM), were added frorn freshly prepared stocks dissolved in 90% albumin/10% ethanol and pure ethanol, respectively.
Staining and counting of cells
For determination of total cell densities, cell cultures were washed two-times with fresh medium in order to remove detached dead cells, fixed in 4% paraformaldehyde (PFA) in phosphate-buffer (PB) for 10 min, permeabilized in 0,5 % TRITON Xl OO/PBfor 5 min, and stained with DAPI/PB (1:10000) for 15min. Frorn each cell culture dish, digital images of26 different areas of 1.5mm 2 were made and the densities of stained nuclei determined using the software Image j. In parallel experiments, cell cultures were stained with trypan-blue (1 %) and trypsinized. Trypan-blue excluding cells were counted microscopically using conventional cell counting chambers. Both methods revealed similar results. In the experiments described, cells densities were determined from digital images by means of the software Irnage j. In order to detect apoptotic cells, cell cultures were stained with Hoechst 33342 (1:5000) for 10 mino Apoptotic cells were identified by their strong stain offragmented DNA-clusters and counted in different áreas of 1.5mm 2 .
Artide.
In order to check the mitochondrial transmembrane electrical potential (MMP), alive cell cultures were stained with the mitochondrial markers DePsipher (according to the company instructions) for 20min and viewed by epifluorescence microscopy. Cells with partially depolarized mitochondria showed a cytoplasmic green f1uorescence only, whereas healthy cells showed in addition an intense red f1uorescence of mitochondrial membranes due to an accumulation of the reagent at hyperpolarized areas.ln a further experimental series, the mitochondrial marker IC-l (1:5000, 10 min) was used revealing an overall green-staining of mitochondrial mernbranes and an intense red-staining of hyperpolarized areas.
Immunostaining
In order to localize activated (phosphorylated) EGF-receptors, SH-SY5Y cells were kept in Ham'F12 medium without FCSfor 1 h and then stimulated in the absence or presence of 5 pM ll, or 10pM 12for 6min. After fixation (4% paraformaldehyde/PB) for 10 min, the cells were washed twice, incubated with anti-phospho-EGFR antibody overnight, washed, and incubated with antimouse-lgG-Cy3 for 30 mino Fluorescence Images were made with a Zeiss Axiovert microscope using the software Axiovision 4.6.
Western blotting
In order to detect activated MAP-kinase (phosphorylated erkl/ erk2), cell cultures were washed once with ice-cold cell buffer, scraped off and Iysed in 100iJI Brij buffer (1 % (v/v) Brij 96, 150mM NaC!, 20mM Na4P207, 10mM Tris-HC! (pH 7.5), 10mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM PMSF, tüug leupeptin, 'l Oug aprotinin), sonicated, mixed with 5-fold sample buffer, boiled, and centrifuged. Aliquots were separated by 10% SDS-Page, followed by transfer to nitrocellulose filters. Blocking, antibody incubations, and ECl were performed as described (Rõsner et al., 2001 ).
Time-Iapse live imaging
For live-imaging, dispersed cell cultures grown in dishes with glass bottorn were transferred to Hepes-buffered mediurn and fixed in a temperature-controlled holder on an Axiovert microscope. Time-lapse phase-contrast live images of cells during stirnulation by EGF with 01' without addition of 12/lL(for details see results) were recorded by rneans of the software AxioVision 4.6. The same software was used to quantify changes of cell morphology. Among the celllines tested, SH-SY5Y neuroblastoma cells turned out to be most susceptible to an iodine-treatrnent. Their proliferation (increase of cell density within two days) was completely abolished in the presence of both IL and 12(C Fig, 1A ; Table 1 :
Results
T
A much less inhibition of cell proliferation (up to 36% by 12) was found for the glioblastoma celllines U87M6 and SNB19 (Table 1 Table 1 ; P < 0.01). In three celllines of the MDA-MB series (134, 154,436) the inhibition by 12 was less pronounced (up to 37.5 %; Table 1 ). In MCF-10 marnrnary epithelial cells, only a srnall (not significant) decrease of cell growth occurred in the presence of both iodine compounds C Fig. 1D ; Table 1 ). Like-wise, there was no significant effect of 12on CCL221colon carcinoma cells (Table 1) .
Among the further cell lines tested, a clear inhibition of proliferation turned out for IPC298 rnelanorna cells (up to 42.6 %by 12), HS241ung carcinoma cells (up to 51.2% by IL)and the pancreas carcinoma cell line Capanll (up to 43.2 % by 12; Table 1 ; ali p < 0.01). Different frorn this, PATU8902, another pancreas carcinoma cellline, turned out to be much less affected (18% by 12; Table 1 ). The different degree of antiproliferative/cytotoxic activity of the iodine cornpounds in the various cell lines speaks against a general cytotoxicity of 12and IL,but suggests a mechanisrn that is more or less effectively and cell-specifically induced by the iodine cornpounds, Dose-and time-dependency of the antiproliferative] cytataxic activity of malecular iadine (1 2 ) PATU 8902 cells which showed a moderare inhibition of cell growth (18%) in the presence of 10~M 12 were selected to test whether the inhibition is reinforced by increasing the 12-concentration and the incubation-tirne. The cells were seeded in low density (200000 cells/well) and cultured in the absence or presence of 10, 20, and 40~M 12 for 1, 2, 3 and 4 days, and the cell densities deterrnined as above. For each iodine-concentration and tirne-point cell densities are given as % of corresponding Article and MCF-7 (C Fig_3B) cell cultures, EGF induced a promotion of cell proliferation. This growth-promotion, however, was completely abolished in the presence of the iodine compounds. In these experiments molecular iodine turned out to be even more effective than iodolactones.
2 and Il do not interfere with EGF-signaling
The above experiments had shown that EGF-induced promotion of cell growth was completely abolished by 12, suggesting that molecular iodine may interfere with EGF signaling. To check this, FCS-depleted SH-SY5Y-cell cultures were stimulated with EGF and activated (phosphorylated) EGF-receptors visualized by immunostaining.
A stimulation of the cells by EGF (100ng/ml) for 5 min resulted in a phosphorylation of cell surface EGFreceptors irrespectivly of the absence (c Fig. 3D ) or presence (C Fig. 3E ) of 10pM 12. In another experiment, EGF-induced MAP-kinase activation (phosphorylation of erk1/2) was checked by western blotting analysis. C Fig. 3F shows that a stimulation of the cells by EGF (100 ngjrnl) for 5 min led to a specific, gefitinib (2 pM) -sensitive activation of MAP-kinase (lanes 3 and 6). 
Promotion of cell proliferation by EGF is abolished in the presence of Il or 12
The data obtained so far showed that the antiproliferativej cytotoxic effect of both IL and 12 was most pronounced in SH-SY5Y and MCF-7 cells. Therefore, these cell lines were taken to check whether a growth stimulation ofthe cells by EGF would be influenced by the iodine compounds too. One day old low density cell cultures were stimulated by addition of 100 ngjrnl EGF in the presence or absence of 5 pM IL or 10 pM 12, respectively, and cultured for another two days. Controls received neither EGF nor iodine-compounds. Cell densities were determined after fixation and DAPI-staining as above. In both SH-SY5Y (c Fig, 6C, D) . Counting apoptotic cells revealed a three-fold increase of apoptotic MCF-7 cells and a six-fold increase of apoptotic SH-SY5Y cells upon treatment with 1O~M 12 for two days (o Fig. 6E ).
DNA-clusters indicating apoptotic nuclei (O
Treatment of MCF-eells with 1 2 results in a disruption of the mitoehondrial electric transmembrane potential (MMP). Pre-ineubation of the eells with NAC prevents this 12-effeet In order to check a possible effect of 12 on mitochondrial mernbrane potential, low density MCF-7 cell cultures were treated with 10~M 12 for 8h before live-staining with the mitochondrial potential-marker DePsipher (see Methods), Both controls (o Fig. 6J ) and 12-treated cells (o Fig. 6K ) showed a cytoplasmic green staining indicating the uptake of the marker. Red-stained mitochondrial membranes indicating hyperpolarized areas, appeared in ali control cells but were very rare in 12-treated cells, demonstrating a disruption ofthe MMP by 12.ln another series of experiments, the mitochondrial marker IC-1 (1:5000, 10 min) was used yielding in intact cells a green-f1uorescence of mitochondrial membranes and an intense red-f1uorescence staining of hyperpolarized rnernbrane areas (o Fig. 7A-C) . Again, we found upon treatment with 1O~M 12 for 8 h many cells exhibiting a decreased red-staining indicating partial depolarization of the MMP (o Fig. 7D-F, asterices) . The arrows in A and O point to dead (probably apoptotic) cells. The disruption of MMP by 12was prevented upon pre-incubation of the cells with 1mM NAC for 24 h (o Fig.7G-I) .
Discussion
"
In the presented study we tested 12 carcinoma and one nonmalignant human cell lines with respect to antiproliferativej cytotoxic activity of molecular iodine (12)' Except A549 (lung carcinoma) and CCL221 (colon carcinoma), we found in ali cell lines an inhibition of cell proliferation (= increase in cell density) upon culturing in 1O~M 12 for two days. The degree of inhibition was, however, very different. Among the four mammary carcinoma celllines tested, MCF-7 cells turned out to be most susceptible (60% inhibition), followed by MDA-MB-436 cells. NAC prevents [Tinduced MMP loss, confirmes thiol depletion as a criticar event in mitochondria-mediated apoptosis (Cheng et al., 2000; for rev. Hall, 1999) Taken into consideration that in some cell types the disruption by [2 of the mitochondrial electrical potential is transitory, i.e., that iodine only diminishes proliferation but does not cause cell death could explain why the effects of iodine were found to be very different in the celllines tested. 12 is a highly reactive agent and used for oxidative coupling of thiols to disulfides in organic chemistry (Kirihari et al., 2007) . The mast abundant intracellular thiol is glutathione. Clutathione is synthesized in the cytosol and transferred into mitochondria. Glutathione is a component of the cytoplasm and mitochandrial redox system which can easily remove reactive oxygen species by generating reduced glutathione. Since reduced glutathione is cytotoxic, it is rapidly converted back to glutathione by the enzyme glutathione reductase. As a consequence, the ratio of oxidized gluthatione to reduced glutathione is tightly held at about 100: 1. (Hall, 1999) . In a series of cellular experiments it was shown that changing the intracellular redox potential by changing the glutathione concentration induced apoptosis by different redox dependent signal transduction. et al., 2007) have been reported. We, therefore, propose that the different susceptibility of MCF-7 and MCF-l0 to iodine compounds is related to different rnitochondrial properties. This view is supported by studies with isolated rnitochondria dernonstrating a different action of iodine on mitochondria frorn human tumoral-and extra-turnoral tissue (Upadhyay et al., 2002) . Taken together, the results presented in this paper further substantiate the potential antitumor properties of molecular iodine and of iodolactones in breast cancer and provided first evidences that this strategy rnay be extended to further human cancers as neuroblastomas, rnelanomas, lung-and pancreas carcinomas.
